Lead-halide perovskites are currently the highest-performing solution-processable semiconductors for solar energy conversion, with record efficiencies rapidly approaching that of the Shockley-Queisser limit for single-junction solar cells. Further progress in the development of lead-halide perovskite solar cells must overcome this limit, which largely stems from the ultrafast relaxation of high-energy hot carriers above the bandedge. In this contribution, we use a highly-specialized pump-push-probe technique to unravel the key parameters which control hot carrier cooling in bulk and nanocrystal (NC) lead bromide perovskites with different material composition, NC diameter and surface treatment. All samples exhibit slower cooling for higher hot carrier densities, which we assign to a phonon bottleneck mechanism. By comparing this density-dependent cooling behavior in the different samples, we find that the weak quantum confinement of electronic states and the surface defects in the NCs play no observable role in the hot carrier relaxation. Meanwhile, in accordance with our previous observations for bulk perovskites, we show that the cation plays a critical role towards carrier cooling in the perovskite NCs, as evidenced by the faster overall cooling in the hybrid FAPbBr 3 NCs with respect to the all-inorganic CsPbBr 3 NCs. These observations highlight the crucial role of the cations toward the phononic properties of lead-halide perovskites, and further point towards the defect tolerance of these emerging solution-processed semiconductors.
INTRODUCTION
Among all the solution-processable semiconductors for solar energy conversion, lead-halide perovskites continue to make the largest strides in performance. 1 The record power conversion efficiency for a single-junction perovskite solar cell now lies at ∼25%. This impressive efficiency is not far behind the theoretical ∼33% limit calculated by Shockley and Queisser. 2 This efficiency limit mainly originates from the inability of a solar cell to utilize the full solar spectrum; in particular the photons which are higher in energy than the bandgap of the semiconductor. When these photons are absorbed by the semiconductor, the resulting high-energy electronic states (so called "hot carriers") rapidly relax to the bandedge of the material through carrier-carrier scattering and carrier-phonon coupling. In principle, these hot carriers could be extracted from the semiconductor before they completely relax. 3 The desire to utilize hot carriers in perovskite-based semiconductors has prompted a concerted effort to understand the parameters which control carrier relaxation. Using ultrafast laser spectroscopy, early reports by Price et al. and Yang et al. demonstrated that the cooling in methylammonium lead iodide was substantially slowed at high carrier densities. 4, 5 This slowed cooling can be explained through a so-called "phonon bottleneck" mechanism, where hot carriers must compete for a finite number of phonon modes in order to cool. 6 In our previous work on hot carrier cooling in perovskites, we demonstrated that this phonon bottleneck behavior is sensitive to the material composition. Namely, the additional phonons associated with the organic cation in the hybrid material, with comparison to the all-inorganic material, were shown to accelerate the cooling dynamics. 7 The phonon bottleneck behavior is expected to be further amplified in semiconductor nanostructures, due to the quantization of electronic states. 3 Early work on CdSe showed a reduced carrier cooling rate for strongly confined quantum dots with respect to the bulk material. 8 On a similar note, preliminary studies by Li et al. indicated that cooling in MAPbBr 3 NCs was slower for smaller NCs, 9 however other works have disputed the strong size-dependence of cooling in perovskite based materials. 10, 11 In this contribution, we use pump-push-probe spectroscopy to compare the carrier cooling dynamics in bulk and nanocrystal (NC) lead bromide perovskites with different material composition, NC diameter and surface treatment. We find that the density-dependent cooling behavior is intrinsic to the material composition and exhibits very little effect on the NC size or surface ligands, which rule out the important roles of quantum confinement and surface defects on the carrier cooling behavior. We instead find that the main parameter which controls cooling is the cation in the perovskite, as evidenced by the faster overall cooling in the hybrid FAPbBr 3 NCs with respect to the all-inorganic CsPbBr 3 NCs. These observations underline the unique electronic and phononic properties of perovskites and their implications towards prospective hot carrier applications.
EXPERIMENTAL METHODS

Sample preparation and characterization
Glass substrates were treated with O 2 plasma to improve wetting. The bulk CsPbBr 3 film was then spin-coated from DMSO solution onto the substrates in a nitrogen atmosphere. CsPbBr 3 and FAPbBr 3 NCs were synthesized using a known procedure. 12 The concentrated inks were dropcast from toluene solutions onto the glass substrates. The size of the NCs were determined by transmission electron microscopy. All film thicknesses were determined to be ∼300 nm by spectroscopic ellipsometry.
UV-Vis spectroscopy
Absorption spectra of the thin films were obtained from a UV-Vis spectrometer (Shimadzu 2600, equipped with an ISR-2600Plus integrating sphere). A 1 nm sampling interval was used with a 5 nm slit width.
Visible pump-IR push-IR probe spectroscopy
Two optical parametric amplifiers (TOPAS-Prime, Coherent) were seeded with 800 nm pulses from a Ti:sapphire regenerative amplifier (Astrella, Coherent) at a repetition rate of 4 kHz and pulse duration of ∼35 fs. The signal output (∼1300 nm) of one of the optical parametric amplifiers was directed into a β-barium borate crystal (EKSMA Optics) along with the residual part of the fundamental (800 nm) from the regenerative amplifier. Sum frequency generation yielded the 500 nm pump pulse. The spectrum of the pump was measured using a spectrometer (OCEAN-FX-VIS-NIR, Ocean Optics). The idler output (∼2000 nm) of the other optical parametric amplifier was split in a 9:1 ratio. The more intense portion was used as the push, and the weaker portion was used as the probe. The pump and probe beams were focused onto a ∼0.2 mm diameter spot on the sample, and the push was slightly defocused to facilitate beam overlap and prevent photodegradation of the sample. The transmission of the probe through the sample was recorded with an amplified PbSe photodetector (PDA20H-EC, ThorLabs). This was connected to a lock-in amplifier (SR830, Stanford Research Systems) coupled to a chopper in the pump beam which was set to a frequency of 2 kHz to block every other pump pulse. The delay between the pump, push and probe beams were controlled with mechanical delays stages. The sample was kept in a nitrogen-purged quartz cuvette during measurements.
EXPERIMENTAL RESULTS
The linear absorption spectra for all the samples were determined by UV-Vis absorption spectroscopy, as shown below in Figure 1 . The cooling dynamics of the bulk and NC samples were determined by visible pump-IR push-IR probe spectroscopy. 7, 8, 13 Based on the UV-Vis absorption spectra in Figure 1 , a 500 nm pump pulse was selected to avoid excessive heating of the initial carriers. The intensity of the pump was restricted to prevent the influence of carrier-carrier interactions on the cooling process. Representative fluence-dependent pump-probe kinetics for a CsPbBr 3 NC sample are shown in Figure 2 . For the three-pulse measurements, the pump fluence was set to avoid the many-body Auger kinetics which can be seen at early timescales for higher pump intensities. 14 The pump-push-probe experiment is depicted in Figure 3 . Figure 3 (a) shows that an intense 2000 nm push pulse arrives 12 ps after the pump. The push reheats the cold carriers formed by the pump, causing a rapid bleaching of the probe signal, as shown in Figure 3 (b). The probe signal recovers on the sub-ps timescale as the carriers cool back to the band edge. We fit the recovery of the signal with a monoexponential curve to extract the cooling lifetime of hot carriers (τ cool ). Figure 4 presents the cooling dynamics for all the samples under study. To facilitate the comparison between the data sets, τ cool is shown as a function of the number of hot carriers formed by the push, n hot , relative to the number of cold carriers created by the pump, n cold . n cold is calculated from the absorption cross section of the sample, while n hot is estimated from the ratio between the amplitude of the bleach feature at t=0 and the amplitude of the pump-probe signal before t=0. 
DISCUSSION
Effect of hot carrier density
For all the cases in Figure 4 , the lifetime of the hot carriers is shown to increase with an increasing density of hot carriers. This underlying behavior is attributed to a so-called "phonon bottleneck" mechanism, where carriers must compete for a finite number of vibrational modes (phonons) in order to cool. 6 This effect has been reported in numerous lead-halide perovskite materials. 4, 5, 7, 15
Effect of the cation
As shown in Figure 4(a) , the choice of cation in the lead-halide perovskite has a strong effect on the cooling of the hot carrier ensemble. In our previous work on bulk lead-halide perovskites, we complemented ultrafast measurements with quantum chemical calculations to demonstrate that the density of phonon modes associated with the cation is the key material factor which determines the cooling of the hot carriers. With respect to the complex formamidinium (FA) cation, the symmetric and isotropic cesium (Cs) cation possesses fewer phonon modes into which the excess energy of the hot carriers can be deposited, resulting in overall slower cooling of the hot carriers. 7 The observation of slower carrier cooling in the all-inorganic perovskites has also been reported elsewhere. 11, 16-18 Figure 4 (c) appears to have no observable effect on the cooling rate either. The UV-Vis absorption spectra of these samples in Figure 1 highlight the fact that the perovskite NCs are only weakly quantum confined; the absorption onset, i.e. bandgap of the materials, is not strongly blueshifted with respect to the bulk materials. Such weak quantum confinement of the electronic states is not expected to strongly modify the specific nature of the electron-phonon coupling in these materials. The small dependence of the carrier cooling on NC size in these weakly confined materials has been reported in other works. 10, 11
Effect of weak quantum confinement
Effect of surface states
The similarity in the cooling dynamics of the bulk and NC-based CsPbBr 3 samples of different sizes suggests that the different surface areas and extent of material interfaces do not play a significant role in the cooling dynamics of the hot carriers for the lead-bromide perovskites. Along the same vein, Figure 4(d) shows that the cooling behavior in NC samples capped with didodecyl dimethylammonium bromide (DDAB) or the superior zwitterionic (ZI) ligands 12 is identical, which appears to preclude the effect of any surface-bound defects on the relaxation of the hot carriers. These observations are in contrast to reports from other colloidal NCs measured with a similar technique, where the nature of the surface states plays an important role in the cooling of hot carriers. 8 It is worth noting that the electronic properties of lead-halide perovskites are known to have a greater tolerance towards defects than traditional NC materials. 19 
CONCLUSION
Using pump-push-probe spectroscopy, we compare the hot carrier cooling dynamics in bulk and nanocrystal (NC) samples of lead-bromide perovskite with different material composition, NC diameter and surface treatment. For all samples, we find that the carrier cooling becomes slower with an increasing number of hot carriers, which we attribute to a phonon bottleneck mechanism. This density-dependent cooling behavior appears to be intrinsic to the material composition rather than size or surface effects, in contrast to traditional colloidal NCs where quantum confinement and defect states have been shown to play an important role in the hot carrier relaxation process. In agreement with our previous studies on bulk lead-halide perovskites, we instead find that the main material determinant in the cooling dynamics appears to be the choice of the cation, as evidenced by the faster overall cooling in the hybrid FAPbBr 3 NCs with respect to the all-inorganic CsPbBr 3 NCs. These observations underline the unique electronic and phononic properties of lead-halide perovskites and their implications towards prospective hot carrier applications.
